A novel C/SiO 2 composite with a carbon-silica-carbon (C-mcms) three layer structure was synthesized and evaluated as an anode material for high-energy lithium ion batteries. The C-mcms exhibits an excellent capacity of about 1055 mA h g À1 at a current density of 500 mA g À1 after 150 cycles without detectable decay, and high-rate capability, which is superior to other similar composites without the carbon core or the carbon shell. The results indicate the structural effect on the enhancement of the electrochemical properties: the SiO 2 nanoparticles are completely confined between the carbon shell and the carbon core; the two carbon parts work together to keep the structural integrity and to keep the electrode highly conductive and active during cycling, which guarantees high capacity and cycle stability;
Introduction
As one of the most important candidates for the power source of portable electric devices, electric vehicles (EVs) and hybrid electric vehicles (HEVs), lithium ion batteries (LIBs) are attracting great interest due to their high energy density, long cycle life, and environmental friendliness. There is an increasing demand for rechargeable lithium-ion batteries with higher energy density and longer cycle life for applications to meet the rapid development in large-scale energy applications. [1] [2] [3] [4] [5] Carbonaceous materials are commercially used as anode materials due to their advantages of long cycle life, safety and low cost. However, their low lithium-storage capacity (LiC 6 : 372 mA h g À1 ) cannot satisfy the continuously increasing requirement nowadays. Various efforts have been made to developing new and better electrode materials with higher specic capacity and tailoring materials to new nanostructures in order to enhance their electrochemical performance. 4, [6] [7] [8] [9] [10] Silicon based materials have attracted great interest due to the signicantly higher theoretical specic capacity of about 4200 mA h g À1 for the Li 22 Si 5 alloy, low-cost and higher safety. However, the severe volume change (>300%) occurring during the lithium insertion/extraction process leads to active particle cracking, electrode pulverization, and subsequent loss of electrical contact between the active material and current collector, resulting in severe capacity degradation. Several strategies have been proposed to deal with this problem, including the preparation of nanostructured Si [11] [12] [13] [14] [15] and composite materials. [16] [17] [18] [19] [20] [21] By dispersing nano-Si particles in a carbon matrix, the electrochemical performance could be improved signicantly. However, complex strategies are oen required to prepare rened nanostructures, and the high cost of nano-silicon keeps the anode composite far from the industrial application level.
As a replacement, although having a specic capacity lower than that of Si (with the largest reversible capacity of 1961 mA h g À1 ; the theoretical capacity of SiO 2 can be calculated according to different types of reactions that exist between silica and lithium ions proposed in a previous study, the detailed mechanism and calculation are listed in the ESI † [22] [23] [24] [25] , SiO 2 has also received a lot of interest due to its extremely low cost and less volume change during cycling. Even though lithium oxides and lithium silicates generated in the rst discharge process act as buffer layers to accommodate the volume change of the amorphous Si particles to some extent, [24] [25] [26] [27] [28] the volume effect, along with low initial coulombic efficiency and poor electrical conductivity still remains the main obstacles to enhancing the electrochemical performance. A lot of efforts have been made to address these problems, such as synthesizing silica materials with a carbon coating and different nanostructures. For example, Chang et al. 23 reported that a 24 h high energy mechanically milled SiO 2 would generate 5 nm Si crystallites dispersed randomly within the amorphous silicon and exhibit a reversible capacity of $800 mA h g À1 at a current of 100 mA g À1 over 100 cycles. The amorphous SiO 2 /C composite prepared by mechanical milling and post heat-treatment exhibited a high reversible capacity of 600 mA h g À1 . 29 Hollow porous SiO 2 nanocubes, hollow silica nanospheres and SiO 2 nanotubes were also synthesized by a sacricial template method and studied as anode materials. 22, 28, 30 However, these methods may be time consuming, and cause environmental pollution and other issues. Thus, preparing SiO 2 based composites with a controllable nanostructure and high capacity by a facile method is required for actual application.
In this work, a new type of C/SiO 2 composite with a carbonsilica-carbon three layer structure was prepared by a facile method, with mesoporous silica encapsulated by the carbon core and shell. When studied as an anode material for lithium ion batteries, this composite exhibited an excellent electrochemical performance with a high specic capacitance, good cycling performance and excellent rate capability. The signicant impacts of the carbon core and carbon shell in enhancing the performance were systematically investigated.
Experimental

Synthesis
The fabrication of the C/SiO 2 composite with a carbon-silicacarbon three layer structure is illustrated in Fig. 1 . Firstly, monodispersed mesoporous polymer nanospheres were prepared by a low-concentration hydrothermal method according to the literature. 31 Secondly, 0.2 g of synthesized mesoporous polymer nanospheres was added into a solution containing 100 ml of H 2 O, 60 ml of ethanol and 300 mg of cetyltrimethylammonium bromide (CTAB) and dispersed in an ultrasonication bath for 30 min. Then, 1.65 ml of ammonia (28 wt%) was added into the mixture with mechanical stirring for another 30 min. 0.5 ml of tetraethyl orthosilicate (TEOS) was added into the above solution every 30 minutes and totally 3 times, and then the mixture was stirred for 12 h. The assembled cationic surfactant micelle template (CTAB) serves as a structure-directing agent for polymerizing the silica component by electrostatic interactions. Aer the product was collected by centrifugation and washed with H 2 O and ethanol three times, respectively, the CTAB should be removed, and then, aer calcination under an Ar ow at 500 C for 3 h at a heating rate of 3 C min À1 , a uniform core/shell mesoporous carbon-mesoporous silica (denoted as mcms) was obtained. Finally, 0.2 g of the obtained mcms was dispersed in a solution containing 10 ml of H 2 O, 10 ml of ethanol and 0.5 g of sucrose, and then transferred into a 30 ml polytetrauoroethylene (PTFE)-lined stainless steel autoclave and kept at 180 C for 4 h. The precipitate was collected and washed several times by centrifugation with deionized water aer the autoclave was cooled down, and then dried at 80 C overnight. The composites were annealed at 800 C for 3 h under Ar ow to form the carbonsilica-carbon three layer structured composites (C-mcms).
In comparison, carbon core-mesoporous silica shell nanospheres without carbon coating on the surface (denoted as mcms) and the carbon coated hollow silica nanospheres (without the carbon core, denoted as C-ms) were also studied, as shown in Fig. 2 .
Structural analyses
The crystal structure of the obtained sample was characterized by means of X-ray diffraction (XRD, D8 Bruker X-ray diffractometer with Cu-Ka radiation (l ¼ 1.5418Å) within the range of 10-80 (2q)). The morphology was examined using scanning electron microscopy (SEM, JEOL JSM-7000F). Transmission electron microscopy (TEM) measurements were conducted on a Tecnai F20 microscope (FEI) operating at 200 kV accelerating voltage. The samples were suspended in ethanol and transferred onto a Cu grid for TEM measurements. The content of SiO 2 was determined from the mass loss of the samples at 800 C in air with a Q50 thermogravimetric (TGA) apparatus (TA, USA).
Nitrogen adsorption-desorption isotherms were measured using a Quantachrome NOVA 4200e system. The samples were degassed at 200 C for 10 h under vacuum prior to measurements. The specic surface area and pore size distribution were determined by multipoint Brunauer-Emmett-Teller (BET), density functional theory (DFT) desorption analyses, respectively.
X-ray photoelectron spectroscopy (XPS) analysis was performed using a Surface Science Instruments S-probe spectrometer with a monochromatized Al Ka X-ray and a low-energy electron ood gun for charge neutralization. The accelerating voltage and current were 40 kV and 40 mA, respectively. Three spots were tested on each sample to make the nal results credible.
Electrochemical measurements
The electrochemical performance was tested in sandwich-type two-electrode coin cells. In order to prepare the working electrode, the as-prepared active materials were mixed and ground with Super P conductive carbon (TIMCAL graphite & carbon), Fig. 1 Preparation of the carbon-silica-carbon three layer structured C/SiO 2 composite. and the poly(vinylidene diuoride) (PVDF, Sigma-Aldrich) binder dispersed in an N-methyl-2-pyrrolidone (NMP, Alfa Aesar) solution at a weight ratio of 80 : 10 : 10, respectively. The as-prepared slurry was uniformly spread and pressed onto Cu foil and dried in a vacuum oven at 80 C overnight as the working electrode. CR2016-type coin cells were assembled in an argon-lled glovebox (Innovative Technology, IL-2GB) with the working electrodes, pure lithium foil as the counter electrodes, and a polypropylene lm as the separator. 1 M LiPF 6 in a mixture of ethylene carbon (EC)/dimethyl carbonate (DMC) (volume ratio of 1 : 1, with 2% vinylene carbonate (VC) as the additive) was used as the electrolyte. All electrochemical measurements were performed with the assembled two-electrode battery at ambient temperature.
Galvanostatic discharge and charge measurements were performed with a LAND CT2001A tester (Wuhan, China) at different current densities in the voltage range of 0.01-3.5 V versus Li + /Li. Cyclic voltammetry (CV) was conducted on an electrochemical analyzer (CH Instruments, model 605C) in the voltage range of 0.01-3.0 V (vs. Li/Li + ) at a scan rate of 0.1 mV s À1 . Alternating current (AC) impedance was recorded on the electrochemical analyzer (CH Instruments, model 605C) with an amplitude of 5.0 mV in the frequency range from 100 kHz to 0.01 Hz. The half-cells were tested at various current rates based on the weight of the active material alone.
Results and discussion
The XRD pattern of C-mcms shown in Fig. 3 demonstrates no distinct diffraction peaks, suggesting the amorphous feature of the SiO 2 . A broad and weak diffraction peak located in the 2q range of 21-23 should be associated with amorphous SiO 2 . Fig. 4 shows the high-resolution XPS spectra of C 1s and Si 2p for samples mcms and C-mcms. The binding energy scales of the spectra were calibrated by assigning the most intense C 1s peak a binding energy of 285.2 eV. As shown in Fig. 4a , compared with mcms, the intensity of the O-C]O (289.2 eV) peak decreases, and another peak at 289.7 eV related to the asymmetric shape of non-graphic carbon 32 appears when coated with carbon outside the SiO 2 . However, it is clearly indicated that there is only one peak at 104.4 eV ascribed to Si 4+ in the case of carbon coated mcms, as shown in Fig. 3b , suggesting the single amorphous phase of SiO 2 , 33,34 which demonstrates that SiO 2 was not reduced to other forms of Si-O composites.
TGA was used to determine the SiO 2 content in the C-mcms, C-ms and mcms composites, as shown in Fig. 5 , and the SiO 2 content reached 73.5%, 83.4% and 87%, respectively. Fig. 6 presents the general view of the morphologies of mcms, C-mcms, ms, and C-ms. Among them, mcms exhibits a relatively uniform shape without agglomeration (Fig. 6a ), and this structure remains aer carbon coating on the surface (C-mcms, Fig. 6b ). Comparatively, when mcms was converted to ms aer calcination in air for 3 h, some of the mesoporous silica (ms) spheres collapsed and broke into fragments due to the gas escape, and the uniform shape was also destroyed, as shown in Fig. 6c . Even aer being coated with a layer of carbon, the same disordered morphology remained (C-ms, Fig. 6d ), which may result in a high surface area and surface energy. Lower magni-cation SEM images of these samples are shown in Fig. S1 , † and the general views of the morphologies of these three samples are consistent with the above description.
Nitrogen adsorption measurements were used to determine the pore structure of the mcms, C-mcms, ms and C-ms composites. Fig. 7 shows their adsorption-desorption isotherms and the pore size distribution curves. All four samples exhibit type IV isotherms with a typical H4 type hysteresis loop, which is nearly parallel over an appreciable range of relative pressure, according to the IUPAC classication. The open H4 type hysteresis loop can be attributed to the mesoporous structures formed by slit-like pores and the aggregation of particles and internal voids in the spheres. 35 The core-shell structured mcms nanosphere sample shows a relatively narrow pore size distribution from 1.5-3 nm, indicating the existence of mesopores which originated from the mesoporous silica shell and mesoporous carbon core. During the carbon coating process, some of the sucrose molecules (with a molecular diameter of about 0.9 nm) were absorbed into these nanopores, and blocked them during carbonization, which resulted in the signicant decrease of the detected specic surface area and pore volume. A similar phenomenon also happens for the C-ms sample. The surface areas of the coreshell mcms, C-mcms and C-ms are calculated to be 1226, 273 and 506 m 2 g À1 , respectively. The corresponding pore volumes are also calculated to be 0.30, 0.17 and 0.19 cm 3 g À1 , in which Cmcms demonstrates the lowest surface area and pore volume. The specic surface area and pore volume of the four samples are listed in Table 1 .
As the density of SiO 2 is 2.65 g cm À3 , the average particle size of SiO 2 (d) can be calculated based on the nitrogen-adsorption derived surface area.
Transmission electron microscopy (TEM) was also carried out to provide further insight into the morphology and structure of the resulting C-mcms composites. As shown in Fig. 8 , the carbon sphere core, porous silica layer, and carbon shell are organized compactly, which is in good accordance with the designed three layer structure. The size of each part of the C-mcms particle from inside to outside can also be measured to be about 100 nm diameter for the carbon core (the lighter area Fig. 6 SEM images of the carbon core-mesoporous silica without the carbon shell (mcms) (a), carbon core-mesoporous silica-carbon shell (Cmcms) (b), hollow mesoporous silica nanospheres without the carbon shell and carbon core (ms) (c), and hollow mesoporous silica nanospheres-carbon shell without the carbon core (C-ms) (d). inside), 50 nm thick for the mesoporous silica layer (the darker area) and about 6 nm thick for the carbon shell (the lighter layer outside, and the carbon layer of the C-mcms was also observed by HRTEM, and is shown in Fig. 8c ). It can be clearly found that the whole C-mcms spheres demonstrate a uniform size of 200 AE 10 nm, and are also dispersed well without agglomeration.
STEM linescan was also carried out in order to further demonstrate the carbon-silica-carbon three layer structure of C-mcms. The Si, O, and C element distribution with the depth of the scanning point is shown in Fig. 8d . As we can see, there are no Si, O, and C elements detected at the start point. The C element shows a high content at the two edges of the scan line and the middle part of the particle, which refers to the carbon layer and carbon core, respectively. Correspondingly, Si and O elements show a higher content between the carbon layer and the carbon core, which refers to the SiO 2 layer. Moreover, the Si and O element content decreases in the middle of the particle, with the increase of carbon content, which also conrms the three layer structure of C-mcms. TEM images of mcms and Cms are also shown in Fig. S2 ; † the mcms spheres demonstrate a uniform morphology and are also dispersed well without agglomeration ( Fig. S2a †) , which is similar to the C-mcms. However, the uniform structure collapsed and broke into fragments aer calcination, and some parts of the C-ms particles also cannot be covered by the carbon layer, as shown in Fig. S2b , † which is consistent with the description of SEM images. The electrochemical performance of the synthesized C/SiO 2 composites as anode materials for lithium ion batteries was evaluated using CR2016 coin-type half-cells in the voltage range of 0-3.5 V.
The cyclic voltammetry (CV) curves of C-mcms at a scanning rate of 0.1 mV s À1 are displayed in Fig. 9 . Several obvious reduction peaks located at 1.45 V, 1.26 V and 0.70 V can only be found in the rst cycle. The small peaks at 1.45 V and 1.26 V may be attributed to side reactions between the electrolyte and electrode and the beginning formation of the solid electrolyte interface (SEI) layer on the electrode surface. The peak at 1.26 V may result from the reductive decomposition of vinylene carbonate (VC) as an additive in the electrolyte. 36 According to the literature, the reduction peaks at around 1.0-1.5 V may be associated with the side reaction of Li + with the residual oxygencontaining groups in the carbon shell or carbon core, which also consumes lithium ions and results in irreversible capacities. 22 But the specic reaction between the electrolyte and electrode still remains unclear; more work may need to be done to explain it. While the long cathodic plateau at 0.70 V is associated with the electrolyte decomposition and the formation of SEI layer on the surface of the electrode. 22, 30, 36 As reported, the formation of the solid electrolyte interface (SEI) layer on the electrode surface may contribute a lot of the irreversible capacitance, and result in a low initial coulombic efficiency. And from the second cycle, all these peaks would disappear. The long cathodic peak below 0.5 V in the rst cycle should be assigned to the electrochemical reduction of SiO 2 to Si, the irreversible formation of Li 2 O or Li 4 SiO 4 (eqn (1a) and (1b)), and the insertion of lithium into active materials, including Si and carbon. 29, 36, 37 These reactions can be summarized as follows: 
Even though the inert Li 2 O and Li 4 SiO 4 generated by reactions (1a) and (1b) contribute the major irreversible capacity, together with carbon, they can also act as a matrix to support and disperse the nano-Si particles preventing their aggregation and buffer the volume change during cycling, which is benecial for maintaining a stable cycling performance, as evidenced by the following stable CV proles aer the rst cycle. Both Si and carbon will alloy/dealloy with lithium reversibly and provide the reversible capacity (Reactions (2) and (3)) in the following cycles. Fig. 10 displays the charge-discharge proles of the three C/SiO 2 composites for the initial three cycles in the voltage range of 0.01 to 3.5 V at a current density of 100 mA g À1 . Specically, as shown in Fig. 10a , there are two small plateaus located at 1.45 V and 1.26 V and one relatively longer plateau located at 0.7 V; these can only be found on the rst discharge curve, which is consistent with the peaks in the CV prole. The initial discharge capacity of the C-mcms is found to be 2547 mA h g À1 , while the charge capacities reaches 1438 mA h g À1 , with an initial coulombic efficiency of 56.5%. By reducing the diameter of the SiO 2 particles into nanosize, it may make the reaction more readily to complete in the rst several cycles compared with the large particle size. The coulombic efficiency increases to 96% in the 2 nd cycle, and remains at approximately 100% in the following cycles. The high coulombic efficiency indicates a stable SEI lm on the electrode surface. The coulombic efficiency climbing to above 90% in the second cycle is common in SiO 2 (ref. 38 and 39) and other anode materials, for example, the CE of the Si/H-rGO composite lm increases from 47% in the rst coulombic efficiency to above 94% in the subsequent cycles. 40 By reducing the diameter of the SiO 2 particles into nanosize, it may make the reaction more easily to complete compared with the large particle size. However, the rst charge capacity of C-ms and mcms only reaches 516 and 123 mA h g À1 , and the corresponding coulombic efficiencies are calculated to be 33.8% and 18.6%, respectively. Both the charge capacity and coulombic efficiency of C-mcms are much higher than those of C-ms and mcms. According to previous reports, 22, 30, 41, 42 the irreversible capacity loss in the rst cycle is mainly ascribed to the formation of the solid electrolyte interphase and electrolyte degradation.
The rate performances of the three synthesized C/SiO 2 composites at various charge-discharge rates were also evaluated and compared. As shown in Fig. 11a , C-mcms was found to demonstrate a better rate performance compared to C-ms and mcms at each current density. For example, it demonstrates little difference in charge capacity between different current densities and presents a higher reversible capacity of approximately 1400 mA h g À1 at a current density of 100 mA g À1 and nearly 660 mA h g À1 even at a current density of 2000 mA g À1 , demonstrating the excellent high rate performance for high power lithium-ion batteries. More signicantly, the C-mcms electrode also displays a good capacity recovery when the current density switches back from 2000 mA g À1 to 100 mA g À1 , suggesting good electrode structure stability. However, the other two electrodes, C-ms and mcms, deliver much lower capacities at different testing current densities, for example, C-ms delivers only 605 mA h g À1 and mcms delivers only a capacity of 110 mA h g À1 at a current density of 100 mA g À1 . The rate performance of mesoporous silica was also studied and is shown in Fig. S3 ; † the capacity only reaches 115-120 mA h g À1 at a current density of 100 mA g À1 due to its low conductivity, which is similar to that of mcms. The results demonstrate that without the carbon coating on the surface of SiO 2 particles, the conductivity and capacity would be extremely low.
The cycle performance of the three different samples was also evaluated for 150 cycles at a current density of 500 mA g À1 , as shown in Fig. 11b ; the C-mcms electrode delivers the highest reversible specic capacitance of more than 1055 mA h g À1 , and can be maintained for 150 cycles without any tendency of degradation. According to the TGA result of C-mcms, considering the 26.5% percent of carbon (with the specic capacitance to be 130 mA h g À1 , shown in Fig. 11a ), it can be calculated that the specic charge capacity of the silica component is about 1388 mA h g À1 . However, the C-ms and mcms can only deliver a capacitance of 385 mA h g À1 and 55 mA h g À1 at a current density of 500 mA g À1 , respectively. The three samples can all demonstrate a stable cycling performance, which suggests that a stable matrix was formed to support and disperse the nano-Si from aggregation and buffer the volume change during cycling.
Due to the absence of the carbon coating on the surface of mesoporous silica, the conductivity of mcms could be very poor; it becomes relatively more difficult for the transportation of lithium ions throughout the silica particles, thus demonstrating a very low initial discharge capacity. Moreover, the high specic area of mcms indicates that the SiO 2 is exposed to the electrolyte directly, resulting in more side reactions with the Fig. 11 (a) The comparison of the rate capability of the three samples and mesoporous carbon at different current densities and (b) the comparison of the cycling performance of the three samples at a current density of 500 mA g À1 . Fig. 10 First three discharge and charge curves of the C-mcms (a), C-ms (b) and mcms (c) electrode at a current density of 100 mA g À1 and the comparison of 2 nd discharge and charge curves of the three samples (d).
electrolyte to form excessive SEI layers on the surface of SiO 2 particles and causing the loss of electrical connection with the active material, thus leading to poor coulombic efficiency and a big capacity decay, which is almost 80% of the rst discharge capacity loss. For the C-ms with a carbon layer coated on the surface of hollow mesoporous silica spheres, rate and cycle performances are improved to a great extent compared with the mcms. The conductive carbon framework can restrain the volume change of silica and guarantee rapid electron transfer throughout the composite. However, due to the structure collapse and deformation during calcination, some parts of the mesoporous SiO 2 particles cannot be covered or lled by carbon, which results in the high surface area and pore volume (BET surface area: 506 m 2 g À1 and pore volume: 0.19 cm 3 g À1 , respectively), thus lowering the integral conductivity. The uncoated or unlled parts of SiO 2 are still exposed to the electrolyte and it also results in the formation of an excessive SEI layer, thus lowering the reversible capacity.
In contrast, the C-mcms with a three layer structure exhibits the best cycle performances. Fig. 12 shows the cycling performance with a coulombic efficiency of the C-mcms electrode at a high current density of 500 mA g À1 . As we can see, C-mcms demonstrates an excellent charge-discharge reversibility and superior cycling stability, with a high reversible capacity of more than 1055 mA h g À1 with the coulombic efficiency maintaining at nearly 100% during the cycles. The excellent electrochemical performance may mainly be ascribed to the rened structure design: rstly, the three layer structure ensures that the porous silica nanoparticles be completely conned between carbon core and the carbon shell, as shown in the TEM picture. The carbon core and carbon shell together act as a mechanical backbone to support the SiO 2 nanoparticles to be electrochemically active and help to keep the structural integrity during cycling; secondly, the carbon coating on the surface of the mcms spheres and partly inside the silica nanopores, although just several nanometres thick, not only acts as an electrical highway to reduce the transport distance of electron/ lithium ions, but also lowers the surface area and results in less side reactions and less formation of the SEI. The carbon coated on the surface of SiO 2 is also crucial for blocking the electrolyte outside the whole particle, minimizing the direct exposure of SiO 2 particles to the electrolyte, and limiting majority of SEI formation to the outer surface of the carbon rather than the excessive formation on the SiO 2 particles. Similar results have been reported before by encapsulating nano-silicon particles into a carbon chamber or hollow carbon spheres, and the electrochemical performance can be greatly enhanced. 11, 20, 21 Thirdly, as the average particle size of SiO 2 is calculated to be only 1.90 nm, the ordered internal void space with an average diameter of 2.65 nm (from the PSD, Fig. 7b ) among these nanoparticles can provide free space to accommodate the mechanical strain and allow the Si to expand without pulverization during the Li + intercalation and deintercalation process 11, 21, 43 and help to form a relatively stable mixture, as illustrated in Fig. 13 ; the SEI layer formed outside of the carbon shell is helpful for maintaining a stable charge capacity and high coulombic efficiency. The assumption can be further conrmed by the SEM investigation of the C-mcms before and aer cycling, as shown in Fig. 14; the C-mcms nanospheres Fig. 13 Simplified two-dimensional cross-sectional view of one Cmcms sphere before and after electrochemical cycling. Fig. 12 Cycling performance of the C-mcms electrode at a current density of 500 mA g À1 . composite electrode did not crack and pulverize aer 150 charge/discharge cycles. Fourthly, the inert Li 2 O and Li 4 SiO 4 generated during the rst lithiation process, together with the carbon layer, can also help to improve the cycle stability by buffering the big volume change caused by the lithiation of active Si. Besides, by tailoring SiO 2 particles into nanosize using the surfactant template, together with the nanopores among the SiO 2 particles, the diffusion distance of lithium ions and electrons can be effectively reduced, thereby facilitating faster lithium ion transport in the silica matrix and ensuring an enhanced structural stability and cycle performance. 22, 30 At the same time, the local current density can also be decreased due to the high specic surface area of the silica nanoparticles. 44 To further investigate the inuence of different structures on the electrochemical performance of the three C/SiO 2 electrodes for lithium-ion energy storage, EIS measurements were performed over a frequency range of 100 kHz to 0.01 Hz. Fig. 15a shows the Nyquist plots of the three electrodes aer 30 cycles to ensure the formation of stable SEI lms. The resistance R sf ascribed to the surface lm and the charge transfer resistance R ct due to the electrode reaction in the electrode-electrolyte interface are combined in a depressed semicircle in the high frequency region. 45 The long slope line represents the Warburg impedance (Z W ) in the low frequency region, which indicates the diffusion of lithium ions into the solid matrix. The equivalent electrical circuit model (as shown in the inset of Fig. 13a ) was used to t the three Nyquist plots, in which the symbols R s , R f , R ct and Z W represent the solution resistance, contact resistance, charge-transfer resistance and Warburg impedance, respectively. The tting results are listed in Table 2 . The R f and R ct values of the C-mcms electrode are 103.6 U and 68.2 U, respectively, which are the lowest compared with the other two electrodes. These results suggest that the special three layer structure with a carbon coating outside the mesoporous silica spheres lowers the contact and charge-transfer impedances, which is consistent with the above analysis. The lithium ion diffusion coefficient (D Li ) could be calculated from the low frequency plots based on the following equations:
In eqn 4, u(2pf) is the angular frequency in the low frequency region; both R e + R ct and the Warburg coefficient (s) can be obtained from the tting line while Z 0 has a linear relationship with u À0.5 . In eqn (5) , T is the absolute temperature, R is the gas constant, A is the surface area of the electrode, n is the number of electrons transferred per mole of the active material involved in the electrode reaction, F is Faraday's constant, and C Li is the molar concentration of lithium ions. Based on the tting linear equation in Fig. 15b , the lithium ion diffusion coefficients of C-mcms, C-ms and mcms are calculated to be approximately 1.19 Â 10 À17 cm 2 s À1 , 5.07 Â 10 À18 and 4.79 Â 10 À19 cm 2 s À1 , respectively. The lowest surface lm and charge transfer resistance and higher lithium ion diffusion coefficient and electrical conductivity conrm that C-mcms has more conductive pathways for lithium-ion transportation than the other two electrodes, resulting in enhancement in the electrochemical properties.
Conclusions
In summary, a new type of C/SiO 2 composite with a carbonmesoporous silica-carbon three layer structure was synthesized and evaluated as an anode material for high-energy lithium-ion batteries. The as-prepared composite with such a rened structure exhibits an excellent electrochemical capacity and cycle performance, and the effects of structure were systematically investigated by the comparison of similar composites without the carbon core or the carbon shell. It is revealed that the carbon shell may increase the integral electrical conductivity, decrease the SEI formation amount, and increase the initial coulombic efficiency, while the carbon core may support all SiO 2 nanoparticles to be electrochemically active. Meanwhile, the mesopores in the SiO 2 provided free space to accommodate the volume expansion and helped to keep a stable mixture during cycling. Therefore, with rational and optimal design of the C/SiO 2 composites, the C-mcms composite is able to demonstrate excellent reversible capacity, high rate capability and cyclic stability, and show great potential for application as the next generation anode materials for highenergy lithium-ion batteries.
